Recent studies reveal complex patterns of hormone coexpression within enteroendocrine cells (EECs), contrary to the traditional view that gut hormones are expressed individually in EECs. Moreover, different hormones have been found in separate subcellular vesicles. However, detailed analysis of relative expression of multiple hormones has not been made. Subcellular studies have been confined to peptide hormones, and have not included the indolamine 5-hydroxytryptamine (5-HT) or the neuroendocrine protein chromogranin A (CgA). In the present work, coexpression of 5-HT, CgA, secretin, cholecystokinin (CCK), ghrelin, and glucagonlike peptide (GLP)-1 in mouse duodenum was quantified at a cellular and subcellular level by semiautomated cell counting and quantitative vesicle measurements. We investigated whether relative numbers of cells with colocalized hormones analyzed at a cell level matched the numbers revealed by examination of individual storage vesicles within cells. CgA and 5-HT were frequently expressed in EECs that contained combinations of GLP-1, ghrelin, secretin, and CCK. Separate subcellular stores of 5-HT, CgA, secretin, CCK, ghrelin, and GLP-1 were identified. In some cases, high-resolution analysis revealed small numbers of immunoreactive vesicles in cells dominated by a different hormone. Thus the observed incidence of cells with colocalized hormones is greater when analyzed at a subcellular, compared with a cellular, level. Subcellular analysis also showed that relative numbers of vesicles differ considerably between cells. Thus separate packaging of hormones that are colocalized is a general feature of EECs, and EECs exhibit substantial heterogeneity, including the colocalization of hormones that were formerly thought to be in cells of different lineages. (Endocrinology 158: 2113(Endocrinology 158: -2123(Endocrinology 158: , 2017 
R ecent studies of coexpression of gene transcripts and their products indicate that enteroendocrine cells (EECs) exhibit complex patterns of colocalization of hormones that contradict traditional descriptions of gut hormones being expressed individually in discrete cell types. For example, quantitative immunohistochemistry in mouse small intestine has shown that glucagonlike peptide (GLP)-1, which is conventionally said to be expressed in L cells along with peptide YY (PYY), is frequently colocalized with glucose-dependent insulinotropic peptide (GIP), cholecystokinin (CCK), and neurotensin (1) (2) (3) . Similarly, transcriptional and immunohistochemical analysis in mouse duodenum revealed colocalization of CCK with secretin, GIP, GLP-1, neurotensin, and PYY (4, 5) . Egerod et al. (4) also found transcripts, but not the peptide product, of ghrelin in cells that were transgenically labeled for CCK gene expression. In mouse small intestine, 5-hydroxytryptamine (5-HT), an amine, has been reported in CCK cells and secretin cells (6) (7) (8) . Additionally, 5-HT is coexpressed in PYY cells in human colon, rectum, and anal canal (9) (10) (11) , GLP-1 cells are coexpressed in human anal canal (9) , and secretin cells are coexpressed in human, cat, guinea pig, and cow upper small intestine (12) (13) (14) . Ablation of secretin-expressing cells significantly reduces the production of 5-HT, CCK, glucagon, PYY, GIP, and somatostatin, indicating a close developmental association between these cells (15) . Chromogranin A (CgA) is often considered a general marker for EECs and specifically large dense core vesicles in EECs (16, 17) . However, a number of studies have shown that CgA antibodies do not label all EECs (18) , and indeed it was only expressed in amine-producing, not peptide-producing, EECs in the colon of a CgA reporter mouse, although it was expressed in peptide hormone cells in the stomach (19) . These studies have started to elucidate the relationships between different cell types and their patterns of gene and hormone expression.
At the subcellular level, peptide hormones have been revealed in separate storage vesicles (3, 20, 21) . Separate storage of ghrelin and nesfatin in cytoplasmic vesicles has been reported for gastric A cells of rat, using high-resolution confocal microscopy (21) . Separate storage of GLP-1 and PYY is reported in L cells of human, pig, rat, and mouse using superresolution structured illumination microscopy (20) and in rabbit L cells using electron microscopy (22) . In mice, separate storage of PYY, GLP-1, and neurotensin has been found in individual EECs, also using superresolution structured illumination microscopy (3) .
The degrees of colocalization or apparently independent expression of hormones at the cellular and subcellular levels are difficult to estimate because of differences in antibody affinities and in thresholds of detection, which are also confounded by such factors as background fluorescence and nonspecific binding of labeled secondary antibodies (2) . These technical problems probably contribute to discrepancies between numbers of EECs with reporter expression and with immunoreactivity for the corresponding hormone (2, 4) . Investigations at very high or superresolution levels are also subject to technical difficulties, including storage organelles being closer than resolving power and chromatic aberration at very high power (3, 20) .
In the present work, we have extended previous studies to examine EECs that contain three hormone products and have included investigation of an amine, 5-HT. We have also probed some of the technical problems associated with determining whether hormones are in the same or separate cytoplasmic organelles. The hormones investigated were cholecystokinin, ghrelin, GLP-1, PYY, secretin, and 5-HT. We have also investigated the relationship of chromogranin storage to that of the hormones.
Methods

Animals and tissue preparation
All procedures were conducted according to the National Health and Medical Research Council of Australia guidelines and were approved by the University of Melbourne Animal Experimentation Ethics Committee. Male C57BL/6 mice, aged 8 to 10 weeks, were housed in the Biomedical Animal Facility at the University of Melbourne and were provided standard chow and water ad libitum. Animals were anesthetized with isoflurane and euthanized by decapitation. The duodenum was removed, opened along the mesenteric border, and pinned mucosa up. Segments were washed with phosphate-buffered saline (PBS; 0.15 mol/L NaCl in 0.01 mol/L sodium phosphate buffer, pH 7.2) and fixed at 4°C overnight with Zamboni's fixative [2% weight-to-volume ratio (w/v) formaldehyde and 0.2% w/v picric acid in 0.1 mol/L sodium phosphate buffer, pH 7.2]. Tissue was washed three times with dimethyl sulfoxide and three times with PBS, before being stored in PBSsucrose-azide (0.1% w/v sodium azide and 30% w/v sucrose in PBS) at 4°C. Tissue was placed in PBS-sucrose-azide and OCT compound (Tissue Tek, Elkhart, IN) in a 1:1 ratio before being embedded in 100% OCT and frozen in isopentane cooled with liquid nitrogen. Tissues from three animals were used for all analyses in this study.
Immunohistochemistry
Sections of 8 mm thickness were cut and air dried for 1 hour on SuperFrostPlus microscope slides (Menzel-Glaser; Thermo Fisher, Scoresby, VIC, Australia). They were then incubated with normal horse serum (10% volume-to-volume ratio with Triton X-100 in PBS) for 30 minutes at room temperature and incubated with mixtures of primary antibodies (Table 1) overnight at 4°C. The preparations were then washed three times with PBS before being incubated with mixtures of secondary antibodies (Table 1) for 1 hour at room temperature. Sections were washed three times with distilled H 2 O and incubated with Hoechst 33258 solution (10 mg/mL BisbenzimideBlue in distilled H 2 O; Sigma-Aldrich, Sydney, NSW, Australia) for 5 minutes. Slides were washed three times with distilled water before mounting on coverslips with nonfluorescent mounting medium (Dako, Carpinteria, CA). Fluorescent TetraSpeck microspheres (100 nm; Molecular Probes, Mulgrave, VIC, Australia) were also mounted onto slides with the same mounting media and coverslips. TetraSpeck beads fluoresce in four different wavelengths and can be used to assess chromatic aberration.
Image acquisition and analysis
Fluorescence was visualized by high-resolution confocal microscopy (LSM800, Carl Zeiss, Sydney, NSW, Australia). Quantification of immunoreactive cells was analyzed with Fiji (http://imagej.nih.gov/ij/) using tile scan images taken with a 320 air objective. Cells were selected manually for each hormone and were considered positive when the fluorescence intensity was .2 standard deviations above the average background intensity of the epithelium. Only villus cells were analyzed in this study to avoid the added complication of differences along the crypt/villus axis (3).
Superresolution z-stack images were taken on the LSM800 using the Airyscan mode with a 363 oil objective and deconvolved using the Zen (Carl Zeiss) three-dimensional Airyscan processing function. TetraSpeck microspheres were imaged and deconvolved to determine the relative direction and magnitude of chromatic aberration for each channel. Superresolution images were corrected for chromatic aberration, and misaligned slices of the z-stack were removed. To further reduce errors arising from chromatic aberration in the z-axis, images were then maximally projected using Fiji.
For quantification of the vesicle density in each population of EECs, 10 to 15 cells that contained each hormone were randomly selected, without reference to whether they contained other hormones, and superresolution images were acquired as described earlier. Appropriate thresholds were estimated manually for each of these images, and the average value was used for thresholding all images from that combination of antibodies. For example, for examination of coexpression with CCK in tissue labeled for CCK, 5-HT, and secretin, the threshold for CCK was based on cells that were initially imaged because they contained CCK, and applied to all cells in this data set. Vesicles were detected by thresholding the images and segregating thresholded regions between local maxima, using an automated code in Fiji. Regions ,0.002 mm 2 were excluded. Following the vesicle density analysis, images were selected with cells that contained reasonable quantities of all three hormones in each antibody combination, and regions within each cell were selected that were not overcrowded or variable in brightness. These were used to quantify the colocalization of vesicles, which required stringent thresholding. Owing to the intercell variability this had to be done for each fluorophore in each image individually. Also, because of the limited resolving power of the microscope, adjacent vesicles partially overlapped and an accurate number of colocalized vesicles could not be defined. We therefore chose to measure the area of coincidence, which provides an overestimation of the level of colocalization.
Data analysis
Measurements were taken from Fiji and analyzed using Prism 5.0 (GraphPad Software, San Diego, CA). Data are presented as means 6 standard error of the mean. In the cell count analysis, n equaled the number of animals used. Subcellular analyses of vesicle density and vesicle overlaps were presented with n equaling the number of cells analyzed, which were selected from three different animals.
Results
Coexpression of hormones and CgA determined by high-resolution and superresolution microscopy
Triple-labeling immunohistochemistry revealed coexpression between every combination of markers examined. Examples of GLP-1 colocalized with CgA and CCK, and also of secretin colocalized with CCK and 5-HT at a cellular level are shown in Fig. 1 , and examples of hormone colocalization observed at a subcellular level are shown in Fig. 2 . Quantification of hormone coexpression at a cellular level was determined using high-resolution tile scans and is shown on the left side of each panel in Fig. 3 . Cells were classified as immunopositive when their intensity was 2 standard deviations greater than the background intensity.
Additionally, for analysis at a subcellular level, 10 to 15 cells were selected for each marker, without reference during selection to whether other markers were also present. These cells were imaged with superresolution Airyscan imaging for the chosen marker and the other markers for which the section was probed (Fig. 2) . The number of immunopositive vesicles was determined for 
Subcellular localization of coexpressed hormones
Deconvolved high-resolution images revealed separate vesicular storage for each hormone and CgA. However, in some regions of cells there was overlap of the fluorescent signals. To quantify the degree of separation and overlap, vesicles were identified for each EEC marker [e.g., Fig. 4 (B 0 ), 4(C 0 ), and 4(D 0 )], and the area of coincidence for each pair of hormones [e.g., Fig. 4 (B 00 ), 4(C 00 ), and 4(D 00 )] and nonoverlapping areas of each hormone [e.g., Fig. 4 (B 000 ), 4(C 000 ), and 4(D 000 )] were identified. Within EECs labeled for CCK, secretin, and 5-HT, separate vesicular stores for each hormone were apparent [ Fig. 5(A) ]. A significant proportion of CCK, GLP-1, and CgA vesicles were not overlapping with each other [ Fig. 5(B) ]. There was also a significant amount of nonoverlapping areas of 5-HT, GLP-1, and ghrelin in cells that contained all three of these hormones [ Fig. 5(C) ]. Additionally, cells that contained CgA, secretin, and ghrelin also had a significant separation of EEC markers in different vesicles [ Fig. 5(D) ]. Fifteen TetraSpeck beads (100 nm), which are fluorescent for each wavelength used, were imaged as a positive control. Colocalization analysis of these images resulted in .80% of fluorescent regions overlapping. With the chromatic aberration adjustment there ought to be 100% overlap; however, there appears to be some variability in the chromatic aberration. These beads are smaller than most hormone vesicles (26) and will thus be more heavily influenced by small variations in chromatic aberration.
Effects of altering thresholding and relationship between vesicle density and mean pixel intensity for the whole cell
Vesicles were classified by selecting areas that were above a threshold and splitting these regions between local maxima. Vesicle density was correlated with the mean intensity of the whole cell [e.g., Fig. 6(A) ]. 5-HT cells were analyzed using three different thresholds (high, normal, and low), and the number of 5-HT, secretin, and CCK vesicles detected are shown in Fig. 6(B) . , vesicles that were clearly observable by eye, whereas the low threshold detected many structures indistinguishable from background fluorescence. Reducing the threshold also increases the detection of vesicles that are out of the focal plane of the image. For example, CCK staining was substantially brighter than background fluorescence, so reducing the threshold in images that did not contain CCK only resulted in a few false positives [ Fig. 6(Biii) ]. However, in the cell that did contain CCK, reducing the threshold detected a large amount of faint staining within the cell. These examples demonstrate why it was necessary to use the same threshold for each hormone in every image for quantifying the vesicle density, so that results from different images were comparable and unbiased. However, for the colocalization analysis, it was more important to accurately select the location of the vesicles rather than to accurately quantify the numbers of vesicles.
Discussion
Isolation and FACS sorting of EECs that have been labeled through reporter transgenes linked to promoters for gut hormones, and subsequent analysis of expression of the sorted cells has provided key information on the coexpression of gene transcripts in EECs (2, 4, 5) . These studies, as well as immunohistochemical double and triple staining, have revealed a complex chemical coding of EECs. In a few studies investigation at a subcellular level has indicated that hormones may be contained in separate storage vesicles within the same cell (20, 21) . In the current study we have investigated the extent of overlap for four peptide hormones (CCK, ghrelin, GLP-1, and secretin), an aromatic amine hormone (5-HT), and the storage vesicle protein CgA in mouse duodenal villi to quantify patterns of overlap at a cell level and to determine how these relate to the subcellular storage of the hormones and CgA. We have found that there is triple colocalization between all the combinations of CCK, 5-HT, ghrelin, GLP-1, CgA, and secretin studied, and that there are vesicles labeled for a single marker that do not have detectable immunoreactivity for other markers in triple-labeled preparations.
Subcellular localization of hormones in EECs
In recent high-resolution confocal and superresolution studies, colocalized hormones have been shown in separate storage vesicles. A quantitative superresolution study of cells containing both GLP-1 and PYY showed that most storage vesicles had immunoreactivity for only one of these hormones (20) . The same is true of cells in which both neurotensin and GLP-1 or neurotensin and PYY were colocalized: vesicles containing these hormones were separate within the EECs (3) . In all the cell types that we examined in the present study, separate vesicles containing one or the other of the coexpressed hormones were found. This extends the number of hormones that have been found to be in separate vesicles to include CCK, ghrelin (in the intestine), secretin, and 5-HT. Thus it seems a general principle that peptide hormones derived from separate genes are sequestered in separate vesicles, and that 5-HT is also concentrated in a distinct vesicle population. Alternatively, double labeling immunocytochemistry, using two different sized particles of colloidal gold, revealed that GLP-1 is colocalized with GLP-2 in the same secretory granules (27) , suggesting that these peptides derived from the same gene are costored. Consistent with their colocalization, prohormone convertase 1, which is responsible for processing proglucagon to glicentin, oxyntomodulin, GLP-1, and GLP-2 in the intestine, is targeted to secretory vesicles where the final cleavage of the precursor to produce GLP-1 and GLP-2 occurs (27, 28) . Surprisingly, GLP-1 and GLP-2 are not always expressed in the same cells, suggesting that one peptide product may be selectively degraded (27) .
In contrast to peptide hormones, 5-HT is produced from the enzymatic conversion of tryptophan by tryptophan hydrodroxylase 1 and L-amino acid decarboxylase in EECs. The vesicular monoamine transporter (VMAT)1 is selectively expressed in 5-HT EECs and is involved in loading 5-HT into secretory vesicles (29) (30) (31) . VMATs have a signal motif, two glutamates upstream of a dileucine-like motif, which preferentially targets large dense core vesicles (32, 33) . Trafficking of VMAT1 into specific vesicles in EECs could mediate differential localization of 5-HT. Selective trafficking of CgA may assist in this, as it has also been implicated in the packaging of amines into secretory The area colocalized for all three hormones was small (the highest being 6.2% 6 0.7% for CCK, Sec, and 5-HT) and is included in each column showing colocalization of two hormones. All groups were significantly .0 using a one-sample t test (P , 0.05). Data are shown as mean 6 standard error of the mean with n = 7 to 9 (number of cells).
vesicles (34) . Strangely, a fluorescent reporter of VMAT1 granules did not fully colocalize with CgA granules (29) .
In our study, similar to earlier investigations (3, 20) , many vesicles were too densely packed together to perfectly delineate each vesicle due to insufficient resolving power of the microscope. Thus the immunofluorescence from a vesicle in densely packed areas overlapped partially with neighboring vesicles, which may account for the small level of apparent colocalization of hormones in this study. Apposed vesicles in the z-axis may especially contribute to an overestimation of the level of overlap. It is also possible that the sequestration of hormones into separate vesicles may have a low level of leakage. Nilsson et al. (22) demonstrated with immunogold double labeling of GLP-1 and PYY that many vesicles contained a small amount of one hormone while predominantly carrying the other. This overlap is not apparent in more recent studies, although this could be masked by thresholding when using immunofluorescence.
Hormone coexpression analyzed at the cellular and subcellular level
All possible combinations of the hormones and CgA markers, analyzed at the cell and subcellular level, revealed examples of double-and triple-labeled cells. The most abundant population of cells in this study was secretin colocalized with 5-HT and CgA, which has been reported previously by Lopez et al. (35) , who showed that most secretin cells colocalized with 5-HT in the small intestine of a secretin-human growth hormone reporter mouse.
CCK cells very frequently contained secretin or secretin and 5-HT. Coexpression of CCK and secretin has been reported before in several studies (4, 5, 32) It is well established that CgA is associated with aminestoring cells, so the similarities between the coexpression patterns of CgA and 5-HT was as expected (9, 12, 13, 19) . However, the relationship between CgA and peptide hormones is less clear. Some studies report CgA expression in somatostatin, CCK, GIP, and GLP-1 cells (9, 36) , whereas other studies refute these findings (14, 19, 37) . Some of the discrepancy may be due to differential expression in different species (38) or because CgA is cleaved into different products that are detected by different antibodies (18, 34) . Another possibility, suggested by Engelstoft et al. (19) , is that CgA is expressed in smaller quantities in EECs that predominantly secrete peptides. The present work supports this idea, with ghrelin and GLP-1 being infrequently coexpressed with CgA or 5-HT and then only in cells with a small number of CgA or 5-HT vesicles. Additionally, a few studies have reported that the staining intensity of some peptide hormones, including gastrin, PYY, and GLP-1, was inversely correlated with the staining intensity of CgA (9, 13) . A generalized conclusion from this work is that CgA and 5-HT are abundantly expressed in a large number of cells, many of which contain secretin, and they are often ) and the mean pixel intensity in the cytoplasm of 5-HT cells in mouse duodenum, fitted with a linear regression curve. This relationship was significant using a two-tailed Pearson correlation analysis (P , 0.001). (B) Effect of altering the threshold for including a vesicle as positive on the number of (i) 5-HT vesicles, (ii) Sec vesicles, and (iii) CCK vesicles in 5-HT cells. The "high threshold" was fivefold that of the "normal threshold," which was fivefold that of the "low threshold."
weakly expressed in a group of cells that express combinations of GLP-1, ghrelin, secretin, and CCK.
According to electron microscope studies, 5-HT is generally contained within highly electron-dense vesicles that are irregularly shaped (e.g., biconcave or rodlike), morphologically distinct from secretin, CCK, and GLP-1 vesicles, which are generally round to oval, and moderately electron dense (26, (39) (40) (41) . However, some 5-HT vesicles are round and, interestingly, most 5-HT cells that coexpress secretin or PYY contain round vesicles (10, 14) . Additionally, some secretin, CCK, and GLP-1 vesicles are slightly irregular in contour (whether these vesicles contain 5-HT was not investigated) (26, (42) (43) (44) ), but we can find no reports of these peptides occurring within dense biconcave or rodlike vesicles characteristic of 5-HT cells suggesting that there may be a distinct population of cells that contains 5-HT only.
Limitations
The quantitative evaluation of immunohistochemically stained tissues is compromised by background staining, incomplete antibody binding, cells that might be positive being too close to background in signal intensity, and differences in primary antibody specificity and sensitivity (2, 45) . In mouse intestine, some EECs can nonspecifically bind secondary antibodies (2) . Another problem encountered in the present work was autofluorescence in green of scattered cells in the mucosal epithelium. If nonautomated methods are used, the decision on whether a positive signal is present is subject to interobserver differences (46) . In the present work we have avoided observer bias by using a machine-based thresholding of 2 standard deviations in cell-integrated intensity above the average background intensity of the mucosal epithelium. This conservative measure may underestimate degrees of overlap. Where colocalization at the subcellular level shows separate subcellular storage, false double labeling due to spurious interactions between antibodies or optical interference can be ruled out. Our observations suggest that colocalization can be observed by superresolution microscopy when very few positive vesicles of one type are present, but such cells may not be recognized as containing both vesicular markers when investigated at a cellular level. A clear example from the present study was CgA vesicles in ghrelin cells. Only 3.5% of ghrelin cells were categorized as containing CgA using cell counts, whereas superresolution revealed that almost all ghrelin cells contained at least some CgA vesicles. Hormone expression can differ with physiological and pathological condition; for example, 5-HT cell numbers are greater in celiac disease compared with nonceliac disease (47). Thus, it is possible that EEC numbers and coexpression patterns will vary between animals of different age, sex, and strain, and when fasted.
Conclusion
Despite substantial advances in the area in recent years, there are few data concerning the functional significance of hormone colocalization. Many enteroendocrine hormones have overlapping roles with the hormones with which they are coexpressed; for example, secretin and 5-HT both promote bicarbonate release (48) (49) (50) , whereas other coexpressed hormones have counteracting effects, such as nesfatin promoting satiety and ghrelin inducing hunger (21) . When released together, one hormone could modulate another's actions to achieve a fine-tuned response to a stimulus. Given that hormones are stored separately, it is possible that hormones could be released independently, even when stored within the same cell.
